Introduction
In the past decade, BGA technologies have overwhelmed the whole IC packaging industry. This is because BGA packages have many advantages over conventional ones. Among them are larger number of I/Os, self-alignment capability, more robust assembly process and better thermal/electrical performance (Lau, 1996; 2000; Lau and Pao, 1997) . Furthermore, BGA packages are compatible with surface mount technology (SMT), consequently, leading to high throughput and low cost assemblies for mass production. For surface mount components (SMCs), the solder joints are not only the passage of electrical signals, power and ground, but also act as the mechanical support to hold the module in position on the printed circuit board (PCB). Therefore, solder joint reliability is a major concern for BGA packages.
Currently, the most popular method to evaluate the strength of solder ball attachment is the ball shear test. The typical value of solder ball shear strength for PBGA packages may be around 1000 g f (for 30-mil solder balls) (Coyle et al., 1999; Lee et al., 2000a; Levis and Mawer, 2000) . Although such tests are simple and convenient to implement, there is not much mechanics justi cation to interpret the testing results. Most people still use the method of A-to-B comparison to determine the acceptance of packages. In July 2000, JEDEC published a new standard, JESD22-B117, for BGA solder ball shear tests (JEDEC, 2000) . In this publication, the testing condition is speci ed in terms of the shear ram height only. The speci cation is that the gap between the shear ram tip and the ball mounting surface should be larger than 0.05 mm (2 mils) and smaller than (or equal to) 25 per cent of the ball height. However, another important testing parameter, namely, the shear ram speed (loading rate), is not addressed in this standard. The lack of speci cation in the shear speed may cause confusion for the comparison of solder ball shear strength characterized with different loading rates (Coyle and Solan, 2000; Hasegawa et al., 2000) . Therefore, further research effort is required for understanding the rationale of solder ball shear tests and for investigating the effect of shear speed.
The present study is aimed at establishing a nite element model for the analysis of ball shear tests in order to evaluate the solder ball attachment strength of PBGA packages. In particular, the emphasis is placed on investigating the effect of the shear speed. The results obtained from this computational modeling analysis will be validated by experimental data.
Solder ball shear tests
The purpose of solder ball shear tests in the present study was for model validation. Solder balls under evaluation were standard 0.76 mm (30 mils) 63Sn-37Pb spheres for PBGA packages. The substrates for ball attachment were BT laminates with a thickness of 0.46 mm. The solder bond pads were solder-mask-de ned with an opening of 0.6 mm in diameter. The metallization of bond pads was Cu with Ni/Au electro-plating. The solder balls were attached to the bond pads using a standard SMT re ow pro le. After re ow, the average ball height and diameter were 0.64 mm and 0.78 mm, respectively. The ball shear tests were conducted using a Dage-4000S machine. In the present study, the shear ram height was xed at 10% of the solder ball height (i.e. Table I .
Finite element model
In the present study, both 2-D and 3-D nite element models were built and used in the analyses. The geometric models were based on the average dimensions measured from the cross-section of specimens for solder ball shear tests. A commercial nite element code, ANSYS Release 5.6, was used to perform the computational analysis. Figure 1 shows the 2-D model simulating the ball shear test. The nite element meshes consisted of the solder ball, the Cu bond pad, and the BT substrate, which were modeled by 8-node plane strain elements (PLANE183). The shear ram was considered a rigid body. A feature in ANSYS using the surface-to-surface target element (TARGE169) and the contact element (CONTA172) was employed to simulate the contact between the shear ram and the solder ball. The left, right, and bottom sides of BT substrate were xed as rigid boundaries. In the present 2-D model, there were 1582 nodes, 490 PLANE183 elements, 8 TARGE169 elements and 40 CONTA172 elements. Since this was a timedependent non-linear analysis, both large deformation and transient options were enabled in the analysis.
For the three-dimensional analysis, 20-node solid elements (SOLID186) were used to mesh the 3-D model. Due to the symmetry, only one half of the solder ball was modeled as shown in Figure 2 . Similar to the 2-D modeling above, the surface-to-surface target element (TARGE170) and contact element (CONTA174) were employed to simulate the contact between the shear ram and the solder ball during the solder ball shear test. In the 3-D model, there were 11277 nodes, 2520 SOLID186 elements, 249 TARGE170 elements and 240 CONTA174 elements. The material properties and other modeling features for the 3-D model were the same as those assumed in the 2-D analysis.
Constitutive models for the materials
In the present computational model, all materials, except the solder ball, are assumed to behave as linear elastic materials. The material properties used in modeling are listed in Keywords Plastic ball grid array, Solder joints, Finite element analysis, Reliability Abstract This paper introduces a simple computational model for the analysis on the solder ball shear testing conditions. Both twodimensional (2-D) and threedimensional (3-D) nite element models are used to investigate the effect of shear ram speed on the solder ball shear streng th of plastic ball grid array (PBGA) packages. An effective thickness is identi ed for the 2-D nite element analysis. By using this effective thickness as a scale factor, it is shown that the 2D model is feasible for the study of 3-D problems. The computational model is validated by ex perimental data in terms of load-displacement curves. The results from both testing and modeling indicate that the shear ram speed has a substantial effect on the solder ball shear streng th. In general, faster ram speed can result in higher ball shear streng th. Therefore, the characterization of solder ball shear streng th is loading rate-dependent. Thecurrent issueandfull text archiveofthisjournal isavailableat http: www.em eraldin sight.com 0954-0911.h tm Table II . In the present study, the solder is considered as a visco-plastic material, which follows the Garofalo-Arrhenius creep constitutive (Lau, 1995) :
where g is the steady-state creep shear strain; dg/dt is the steady-state creep shear strain rate; t is the time; C is a material constant; G is the temperature-dependent shear modulus; H is the absolute temperature (8 K); ! de nes the stress level at which the power law stress dependence breaks down; t is the shear stress, n is the stress exponent; Q is the activation energy for diffusion mechanism; and k is the Boltzmann constant (8 617 £ 10 2 5 eV 8 K) Darveaux and Banerji modi ed equation (1) 
and have characterized the coef cients, A, B, n, and Q, for a few solder materials (Darveaux and Banerji, 1992) . In ANSYS, equation (2) is called the implicit creep model and the equation is further modi ed as:
where s is the effective stress and de/dt is the steady-state effective creep strain rate. The values of C 1 , C 2 , C 3 , and C 4 in equation (3) for the eutectic solder are given in Table III ( Lee et al., 2000b) .
Determination of effective thickness
The direct result from the present computational analysis is the force-displacement curve simulating the ball shear test. It should be noted that, for the 2-D plane strain analysis, the force output from ANSYS was in the unit of N/mm (force per unit thickness). However, the actual diameter of solder was 0.78 mm ( , 1 mm). In order to obtain the meaningful shear force for comparison, an effective thickness (scale factor) should be de ned. Based on the fact that the ball mounting pad has a diameter of 0.6 mm and the solder ball has an axisymmetric geometry, it may be concluded that the effective thickness of the 2-D model must be smaller than 0.6 mm. With such an observation, the scale factor for the effective thickness could be estimated as follows:
In the present study, the shear test condition with 64 m m ram height and 100 m m/s shear speed was chosen as the base case. For this base case, the peak shear force obtained from ANSYS was 2969 g f /mm. Compared with the corresponding experimental data (1244 g f , see Table I ), the effective thickness, t, can be determined as: Figure 3 shows the original shear force-displacement curve from ANSYS and the modi ed curve with an effective thickness of 0.42 mm for the base case. Subsequently, the same value of effective thickness was applied to all other 2-D analyses. If the same effective thickness could yield to good agreement between testing and modeling for all cases (which will be shown in the next section), then it is reasonable to conclude that the selected effective thickness was not a random coincidence. It should carry a certain physical meaning, which represents the scale factor between the 2-D and 3-D analyses. Furthermore, the fact that the chosen effective thickness is smaller than 0.6 mm also enhances the con dence in the selected value.
Comparison between 2-D and 3-D analyses
The force-displacement curve obtained from the 3-D analysis for the base case is presented in Figure 4 and compared to the corresponding results from the 2-D analysis and experimental data. It is observed that the 2-D modeling ts the experimental data better than the 3-D analysis. In general, it is considered that the 3-D model should give more accurate results than the 2-D analysis. However, due to the accumulation of numerical truncation errors, this may not be always true for the large scale computation in the non-linear time-dependent analyses. In the present study, the degrees of freedom for the 2-D and the 3-D analyses were 3164 (1582 nodes £ 2) and 33831 (11277 nodes £ 3), respectively. With one order of magnitude in the number of degrees of freedom, the accumulation of numerical errors might play a signi cant role making the 3-D analysis a worse case.
In addition, the 3-D analysis is usually very time consuming. For the comparison shown in Figure 4 , while the 3-D analysis took more than 3 days, the 2-D model only required 3 h using the same computing facility. Therefore, the 2-D analysis should be a better choice for the present study, as long as the proposed effective thickness model is validated.
Model validation and discussion
Figures 5 -8 present the results of 2-D analyses for the shear speeds of 20, 50, 200 and 500 m m/s, respectively. All corresponding experimental data are plotted as well for comparison. The peak shear forces, which are regarded as the ball shear strength, are also summarized in Table I . It is observed that the testing and modeling results are in good agreement for all cases. Since the scale factor was determined using the base case only, it is reasonable to conclude that the selected effective thickness was not a random coincidence. It should carry a certain physical meaning, which represents the scale factor between the 2-D Figure 3 Modi cation of force-displacement curve
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Comparison of force-displacement curves For the ease of summarizing the general trends of ball shear strength, the data given in Table I are plotted in Figure 9 . From this gure, one can nd that, the ball shear strength increases with the increase of shear speed. Another point to be noted is that, although in general the shear strengths from testing and modeling are in good agreement, there is a notable discrepancy for the cases with shear speed faster than 100 m m/s. From this point of view, it may be deduced that the ideal solder ball shear testing conditions are the cases with shear speed slower than 200 m m/s.
Summary and conclusions
In the present study, both 2-D and 3-D nite element models were developed for the analysis of solder ball shear tests. The effect of shear speed on solder ball shear strength was studied not only by experimental investigation, but also by computational modeling. The results are summarized as follows.
. The shear speed has substantial effects on the solder ball shear strength. The data from both testing and modeling indicates that faster shear speed would results in higher ball shear strength. It should be noted that although the present analyses were performed for solder balls of BGA package with 30 mil solder balls, the methodology may be applied to other cases such as BGA packages with smaller solder balls and the solder bumps of ip chips. With the assistance of computational modeling, it seems that it is possible to forecast the ball shear strength under various testing conditions as long as a base case is tested in advance. In addition, with further stress analyses, it may be possible to achieve more meaningful comparisons among different packages. The results obtained from this study should be very helpful for the electronics manufacturing industry to interpret their testing data and determine the acceptance criteria for the products with solder ball attachment. 
